Substrates of the ubiquitin system are degraded by the 26 S proteasome, a complex protease consisting of at least 32 different subunits. Recent studies showed that RPN4 (also named SON1 and UFD5) is a transcriptional activator required for normal expression of the Saccharomyces cerevisiae proteasome genes. Interestingly, RPN4 is extremely short-lived and degraded by the 26 S proteasome, establishing a feedback circuit that controls the homeostatic abundance of the 26 S proteasome. The mechanism underlying the degradation of RPN4, however, remains unclear. Here we demonstrate that the proteasomal degradation of RPN4 is mediated by two independent degradation signals (degron). One degron leads to ubiquitylation on internal lysine(s), whereas the other is independent of ubiquitylation. Stabilization of RPN4 requires inhibition of internal ubiquitylation and inactivation of the ubiquitin-independent degron. RPN4 represents the first proteasomal substrate in S. cerevisiae that can be degraded through ubiquitylation or without prior ubiquitylation. This finding makes it possible to use both yeast genetics and biochemical analysis to investigate the mechanism of ubiquitin-independent proteolysis.
The ubiquitin-proteasome system is the primary intracellular machinery responsible for elimination of abnormal proteins and selective destruction of regulatory proteins involved in a wide range of cellular processes (1) (2) (3) (4) . Substrates of the 26 S proteasome are normally degraded via ubiquitylation on internal lysines. Several lines of evidence from our early work, however, suggested that ubiquitylation might not be required for the degradation of RPN4, a transcriptional activator of the S. cerevisiae proteasome genes (5, 6) . First, the degradation of RPN4 was not noticeably impaired in the uba1-2 mutant, which underexpresses the E1 1 enzyme, and is therefore deficient in ubiquitylation of proteins (7) . Second, overexpression of Ub K48R,G76A , a ubiquitin mutant that inhibits the formation of lysine 48-linked multiubiquitin chains (8) , did not significantly decrease the turnover rate of RPN4. Third, the half-life of RPN4 in wild type cells was comparable with that in the mutants that lack one of the known E2 enzymes or one of the following E3 enzymes: UBR1, UFD4, RSP5, TOM1, HUL4 or HUL5 (9 -12) . In the present study, we explore the mechanism underlying the degradation of RPN4. Strikingly, we found that the proteasomal degradation of RPN4 can be mediated by two independent degrons. One involves ubiquitylation on internal lysine(s), whereas the other is apparently ubiquitin-independent. Stabilization of RPN4 requires inhibition of both degrons. This finding demonstrates that the same proteasomal substrate can be degraded dependently or independently of ubiquitylation. . Details of plasmid constructs are available upon request. Lysine-to-arginine substitutions were constructed by PCR-mediated site-directed mutagenesis and confirmed by DNA sequencing. For pulse-chase analysis, RPN4 and truncated derivatives were expressed from the P CUP1 promoter in low copy vectors RS313 or RS314 (15) . For detection of protein ubiquitylation, RPN4 1-229 and K 0 RPN4 1-229 were expressed from the P CUP1 promoter in high-copy vector RS425. Wild type ubiquitin (Ub), N-terminally myc-tagged ubiquitin (mycUb), His 6 -tagged ubiquitin (His 6 Ub), and lysine-free ubiquitin (K 0 Ub) were expressed from the P CUP1 promoter in high copy vector RS423. In the yeast one-hybrid assay, RPN4 1-229 , K 0 RPN4 , and RPN4 were fused to the C terminus of the GAL4 DNA binding domain in vector pGBDUC1 (14) . The transcriptional activity of the GAL4 fusions was assessed by expression of the ADE2 reporter gene in strain PJ69-4A.
EXPERIMENTAL PROCEDURES

Strains and
Protein Analysis-The procedures of immunoblotting, immunoprecipitation, and pulse-chase assays were described previously (6) . Extracts were prepared either by vortexing yeast cells with glass beads in buffer A (1% Triton X-100, 0.15 M NaCl, 1 mM EDTA, 50 mM Na-HEPES, pH 7.5) containing protease inhibitor mix (Roche Diagnostics), or by mixing cells with an equal volume of 2ϫ SDS buffer (2% SDS, 30 mM dithiothreitol, 90 mM Na-HEPES, pH 7.5), followed by incubation at 100°C for 5 min. Extracts prepared with 2ϫ SDS buffer were diluted 10-fold with buffer A plus protease inhibitors before used for immunoprecipitation. For Ni-NTA pull-down assays, extracts prepared with 2ϫ SDS buffer were diluted 10-fold with buffer B (1% Triton X-100, 0.15 M NaCl, 50 mM Na-HEPES, pH 7.5, 20 mM imidazole) plus protease inhibitors before incubated with Ni-NTA beads (Qiagen, Valencia, CA) at 4°C for 1 h. Beads were washed three times with buffer B, and bound proteins were eluted by heating at 95°C for 2 min with 2ϫ SDS loading buffer and then separated by SDS-PAGE (8% gel), followed by immunoblotting. For detection of ubiquitylation, 50 mM N-ethylmaleimide was included in buffer A and buffer B.
RESULTS
The N-terminal Fragment of RPN4 Can be Degraded without Internal Ubiquitylation-Substrates of the 26 S proteasome are normally degraded via ubiquitylation on internal lysine. Our previous work showed that the turnover rate of RPN4 was not noticeably changed in the uba1-2 S. cerevisiae mutant that underexpresses the E1 enzyme (6) . Overexpression of Ub K48R,G76A , a ubiquitin mutant that inhibits the formation of lysine 48-linked multiubiquitin chains (8), only slightly decreased the degradation of C-terminally FLAG-tagged RPN4 in a pulse-chase assay (Fig. 1B , compare lanes 7-9 and lanes 4 -6) . Interestingly, RPN4 conjugated with a moiety of Ub K48R,G76A , which is a poor substrate for the deubiquitylating enzymes, remained short-lived (Fig. 1B, lanes 7-9) , further suggesting that multiubiquitylation is not required for RPN4 degradation even though RPN4 can be ubiquitylated. To determine whether ubiquitylation is dispensable for RPN4 degradation, we set out to make lysine-to-arginine substitutions to knock out the potential ubiquitylation site(s) of RPN4. Instead of mutating all 35 lysines borne in the 531-amino acid RPN4 protein (5), we focused on the 11 lysines that are located in the N-terminal 229-residue fragment (RPN4 1-229 ), which is as short-lived as intact RPN4 (Fig. 1, A and C) . By contrast, RPN4 206 -531 , an N-terminally truncated RPN4 derivative, was found to be stable (Fig. 1 , A and C), indicating that RPN4 1-229 bears a degron or degrons mediating the degradation of RPN4. We, therefore, generated a lysine-free version of RPN4 1-229 (K 0 RPN4 ) by mutating all 11 lysines to arginines. Taking advantage of the transcriptional activation domain located in residues 211-229 (Fig. 1A) , we used yeast one-hybrid assay to examine whether the lysine-to-arginine substitutions could cause deleterious conformational alteration. As shown in Fig. 1D , the transcriptional transactivation activity of K 0 RPN4 1-229 was comparable with that of RPN4 , excluding a drastic structural change by the lysine-to-arginine mutations. Consistently, mutations of the 11 N-terminal lysines to arginines did not affect the transcriptional activity of full-length RPN4 (data not shown).
We then compared the turnover rates of RPN4 1-229 and K 0 RPN4 1-229 by pulse-chase analysis ( Fig. 2A) . C-terminally FLAG-tagged K 0 RPN4 1-229 (lanes 4 -6) was rapidly degraded even though its turnover was modestly slower than that of RPN4 (lanes 1-3) . Since the FLAG tag carries 2 lysines, which might serve as a ubiquitylation site, we went on to replace the FLAG tag with the hemagglutinin (ha) epitope, which contains no lysine. Again, C-terminally ha-tagged K 0 RPN4 1-229 was efficiently degraded even though its half-life was extended to ϳ5 min compared with the ϳ2 min half-life of RPN4 (Fig. 2A, lanes 10 -12 and 7-9 , and C). These results indicate that RPN4 can be degraded in the absence of internal ubiquitylation.
RPN4 Bears Two Independent Degrons-It has been reported that proteins may be targeted to the proteasome via ubiquitylation at the free amino group of the N-terminal residue (16, 17) . We, therefore, sought to determine whether the degradation of K 0 RPN4 1-229 is mediated by N-terminal ubiquitylation. Specifically, we examined whether the degradation of K 0 RPN4 1-229 is governed by its N-terminal sequence, similar to the previously reported proteins that are degraded via Nterminal ubiquitylation (16, 17) . Pulse-chase analysis was carried out to measure the degradation of N-terminally ha-tagged K 0 RPN4 . Remarkably, addition of the ha tag to the N ). C-terminally FLAG tagged RPN4 was co-expressed with Ub K48R,G76A (lanes 7-9) or a void vector (lanes 4 -6) in a wild type strain. As control, Ub K48R,G76A was co-expressed with a void vector (lanes 1-3) . Cell extracts were immunoprecipitated with anti-FLAG antibody, followed by SDS-PAGE and autoradiography. RPN4-Ub K48R,G76A conjugate was marked by an arrow. The asterisk indicated a cross-reactive band with the anti-FLAG antibody. C, the turnover rates of C-terminally FLAG tagged RPN4 and its truncated derivatives were compared by pulse-chase analysis. D, Lys 3 Arg substitutions did not impair the transcriptional activity of the transactivation domain of RPN4 in yeast one-hybrid assay. The GAL4 DNA binding domain alone (vector) and a fusion with RPN4 1-151 lacking activation domain served as negative controls.
FIG. 2. RPN4 1-229 bears two independent degrons.
A, RPN4 1-229 is degraded without internal ubiquitylation. Pulse-chase analysis was used to determine the turnover rates of C-terminally FLAG-tagged RPN4 (lanes 1-3) and K 0 RPN4 1-229 (lanes 4 -6) and C-terminally ha-tagged RPN4 1-229 (lanes 7-9) and K 0 RPN4 (lanes 10 -12) . B, stabilization of RPN4 1-229 requires inhibition of internal ubiquitylation and inactivation of the N-terminal degron. The stability of N-terminally ha-tagged RPN4 (lanes 1-3) and K 0 RPN4 1-229 (lanes 4 -6) and C-terminally FLAG-tagged RPN4 (lanes 7-9) and K 0 RPN4 (lanes 10 -12) was measured by pulse-chase analysis. C, decay curves of C-terminally ha-tagged RPN4 1-229 and K 0 RPN4 1-229 (q and E) and N-terminally ha-tagged RPN4 1-229 and K 0 RPN4 1-229 (f and Ⅺ). D, RPN4 1-229 was stable in rpn2⌬ proteasome mutant.
Ubiquitin-dependent and -independent degradation of RPN4 23852 terminus completely stabilized K 0 RPN4 (Fig. 2B, lanes  4 -6, and C) . Consistently, deletion of the first 10 amino acids also completely inhibited the degradation of C-terminally FLAG-tagged K 0 RPN4 (Fig. 2B, lanes 10 -12) . These results indicated that the degradation of K 0 RPN4 1-229 is mediated by a signal involving the N-terminal 10 amino acids and that this signal is interfered by fusion of the ha tag to the N terminus. Accordingly, this signal was tentatively named Nterminal degron. Strikingly, addition of the ha tag to the N terminus or deletion of the first 10 amino acids only slightly decreased the degradation of RPN4 1-229 that carries the internal lysines (Fig. 2, A-C) . Therefore, RPN4 1-229 can be degraded via two independent mechanisms. One mechanism is dependent on a degron that leads to internal ubiquitylation, whereas the other is mediated by the N-terminal degron that is independent of internal ubiquitylation. Inactivation of both degrons is required for stabilization of RPN4 . Both degrons mediate proteasome-dependent degradation because RPN4 was stable in the rpn2⌬ proteasome mutant (Fig. 2D) .
The N-terminal Degron of RPN4 Is Ubiquitylation-independent-We next asked whether the N-terminal degron of RPN4 1-229 is ubiquitylation-dependent or -independent. To this end, we began with three assays to examine whether K 0 RPN4 1-229 is ubiquitylated in vivo. The first assay was a direct immunoblot. C-terminally ha-tagged RPN4 1-229 and K 0 RPN4 1-229 were expressed in cim5-1, a proteasome mutant in which RPN4 is stable (6) . To sensitize the detection, either wild type Ub or mycUb was co-overexpressed in the cim5-1 cells. Whereas slower migrating derivatives of RPN4 1-229 were readily detectable (Fig. 3A, lanes 1 and 2) , no modified forms of K 0 RPN4 1-229 were detected by anti-ha antibody in the immunoblotting assay (Fig. 3A, lanes 3 and 4) . The derivatives of RPN4 appeared to be ubiquitylated species in that they migrated slower in the presence of mycUb than in the presence of Ub (compare lanes 2 and 1) . We further compared ubiquitylation of RPN4 and K 0 RPN4 1-229 using an immunoprecipitation-immunoblotting assay (Fig. 3B) . Extracts from cim5-1 cells co-overexpressing C-terminally ha-tagged RPN4 1 (Fig. 3C) . To minimize the activity of the deubiquitylating enzymes that could destroy Ub-protein conjugates during sample preparation, we prepared extracts under denaturing conditions from cim5-1 cells co-overexpressing C-terminally hatagged RPN4 with Ub (lane 1) or His 6 Ub (lane 2) and Cterminally ha-tagged K 0 RPN4 with Ub (lane 3) or His 6 Ub (lane 4). Comparable amounts of different extracts were incubated with Ni-NTA beads, and retained proteins were analyzed by immunoblotting with anti-ha antibody. RPN4 but not K 0 RPN4 1-229 was shown to be conjugated with His 6 Ub. Thus, it appears that ubiquitylation of RPN4 1-229 occurs exclusively on the internal lysines, strongly suggesting that the N-terminal degron of K 0 RPN4 1-229 is ubiquitylation-independent.
To rule out the possibility that ubiquitylation, even though not detectable in above assays, might be required for the degradation of K 0 RPN4 1-229 , we decided to examine the effect of overexpression of K 0 Ub on the degradation of K 0 RPN4 . If the N-terminal degron of K 0 RPN4 1-229 is ubiquitylation-dependent, overexpression of K 0 Ub, which prevents formation of multiUb chains on substrates (8), would be expected to inhibit the degradation of K 0 RPN4 . Pulse-chase analysis was performed to measure the turnover rates of C-terminally ha-tagged K 0 RPN4 1-229 and RPN4 and N-terminally ha-tagged RPN4 in the presence or absence of K 0 Ub overexpression. N-terminally ha-tagged RPN4 1-229 whose degradation is exclusively dependent on internal ubiquitylation due to inactivation of the N-terminal degron was completely stabilized by overexpression of K 0 Ub (Fig. 3D, compare lanes 16 -18 and 13-15, and E) . Remarkably, overexpression of K 0 Ub only partially inhibited the degradation of C-terminally ha-tagged RPN4 (Fig. 3D, compare lanes 4 -6 and 1-3 , and E) and virtually exhibited no effect on the halflife of C-terminally ha-tagged K 0 RPN4 (Fig. 3D,  compare lanes 10 -12 and 7-9, and E) . Thus, the N-terminal degron of RPN4 is not inhibited by overexpression of K 0 Ub. Taken together, these results conclude that the N-terminal degron of K 0 RPN4 1-229 is independent of ubiquitylation. FIG. 3 . The N-terminal degron of RPN4 1-229 is ubiquitylation-independent. No ubiquitylated species of K 0 RPN4 1-229 was detected by direct immunoblotting (A), immunoprecipitation-immunoblotting (B), or Ni-NTA pull-down (C) assays. D, overexpression of K 0 Ub exhibits no effect on the N-terminal degron. Pulse-chase analysis was performed to determine the turnover rates of C-terminally ha-tagged RPN4 1-229 , C-terminally ha-tagged K 0 RPN4 , and N-terminally ha-tagged RPN4 in the presence or absence of K 0 Ub overexpression. E, quantitation of the data from D by PhosphorImager. q and E, C-terminally ha-tagged RPN4 ; ࡗ and छ, C-terminally ha-tagged K 0 RPN4 ; f and Ⅺ, N-terminally ha-tagged RPN4 . Filled symbols, without K 0 Ub overexpression; open symbols, with K 0 Ub overexpression.
Ubiquitin-dependent and -independent degradation of RPN4 23853
Intact RPN4 Is Degraded by Two Independent Degrons-We finally tested whether intact RPN4 can also be independently degraded by internal ubiquitylation and the N-terminal degron. Pulse-chase analysis was conducted to measure the turnover rates of C-terminally FLAG-tagged RPN4 mutants that carry lysine-to-arginine substitutions for the first 11 lysines (RPN4 R11 ) or deletion of the N-terminal 10 amino acids (RPN4 ⌬1-10 ) or both (RPN4 R11/⌬1-10 ). The half-life of RPN4 R11 was stabilized ϳ2.5-fold compared with that of wild type RPN4, whereas the degradation of RPN4 ⌬1-10 was only slightly decreased (Fig. 4, A and B) . Remarkably, both mutant proteins were completely degraded in the 45-min chase. By contrast, RPN4 R11/⌬1-10 was virtually not degraded (Fig. 4, A and B) . These results confirm that RPN4 can be degraded by two independent mechanisms: the N-terminal degron and internal ubiquitylation. Stabilization of RPN4 requires inactivation of both degrons.
DISCUSSION
Our early work showed that the degradation of RPN4 was not significantly changed in the uba1-2 mutant, which underexpresses the E1 enzyme, suggesting that ubiquitylation may not be necessary for the degradation of RPN4 (6). However, whether or not RPN4 degradation can be mediated by ubiquitylation was not examined in this study. We report here that RPN4 can be degraded via two independent degrons. One is apparently independent of ubiquitylation, which is in line with the early finding (6), whereas the other involves internal ubiquitylation. Different from the relatively minor change of RPN4 degradation in the uba1-2 mutant (6), inhibition of internal ubiquitylation by Lys-to-Arg mutations partially but noticeably stabilized RPN4 (Fig. 4) . This discrepancy is not unexpected in that the activity of the ubiquitin conjugation system is weaker but not abolished in the uba1-2 mutant. By contrast, Lys-to-Arg mutations completely destroy the ubiquitin-dependent degron of RPN4.
The physiological significance that RPN4 bears two independent degrons is currently unknown. It is possible that these two degrons mediate degradation of different populations of RPN4 in vivo. However, we consider this possibility less likely in that RPN4 can be efficiently degraded in the presence of either one of the two degrons. Another possibility is that the two-degron mechanism may provide a broader input into the regulatory system involving RPN4. For instance, physiological perturbations that damage the ubiquitin conjugation machinery, but not the proteasome activity, will not result in impairment of RPN4 degradation. Accumulation of RPN4 and consequent overexpression of its target genes would otherwise be detrimental to the cell in the absence of a fully functional ubiquitin conjugation system.
The mechanism underlying the ubiquitin-independent degradation of RPN4 is currently unclear. It is possible that direct binding of RPN4 to the proteasome, which was demonstrated in our early work (6) , mediates the degradation of RPN4 without prior ubiquitylation. Our observations thus far, however, did not favor this possibility. RPN4 206 -531 , which directly binds to the proteasome, is stable, whereas RPN4 1-229 , which is not physically associated with the proteasome, is unstable ( Fig. 1  and Ref. 6 ). In addition, purified RPN4 from Escherichia coli could not be directly degraded by purified yeast 26 S proteasomes in vitro (data not shown), suggesting that an ancillary factor is necessary for the ubiquitylation-independent degradation of RPN4, reminiscent of ornithine decarboxylase whose degradation by purified 26 S proteasomes requires the antizyme co-factor (18) . The N-terminal sequence including the first 10 amino acids of RPN4 may be required for interaction with the putative ancillary factor. Several mammalian proteins, including p21
Cip1 , c-Jun, c-Fos, and p53, have also been reported to be degraded either via ubiquitylation or through a ubiquitin-independent manner (19 -24) . However, the mechanism underlying the ubiquitin-independent degradation of these proteins remains largely unknown due to limitation of experimental approaches. Further analysis of the ubiquitinindependent degron of RPN4 using both yeast genetics and biochemical analysis will provide better insights into the mechanism of ubiquitin-independent proteolysis that has begun to emerge.
